S
ince the original description of ARDS in 1967, the chest radiograph has been an essential part of its definition. 1 In the initial report, the chest radiograph was described as presenting "patchy, bilateral alveolar infiltrates." 1 Since then, a variety of radiographic criteria have been described in the definition of acute lung injury (ALI)-ARDS, including "reduction in the longitudinal pulmonary diameter," 2 "interstitial and alveolar edema," 3 and at least two radiographic scoring methods. 4, 5 Critics have hypothesized that the variability in reports of the incidence, risk factors, and outcomes of ARDS were due in part to poorly characterized definitions and to heterogeneous patient populations. 6, 7 To address this problem and to set standard definitions, an American-European Consensus Conference (AECC) was convened in 1992. 8 In their report, members of the conference defined ALI as the acute onset of arterial hypoxemia (Pao 2 /fraction of inspired oxygen [Fio 2 ] ratio, Յ 300), a pulmonary artery wedge pressure Յ 18 mm Hg or no clinical evidence of left atrial hypertension, and bilateral infiltrates consistent with pulmonary edema on fron-tal chest radiograph. The authors specifically noted that the pulmonary infiltrates could be mild. ARDS is defined by the same criteria as ALI, but with more severe hypoxemia (Pao 2 /Fio 2 , Յ 200). No radiographic distinction was made between ALI and ARDS, and therefore, for this report, we will refer to a common entity, ALI-ARDS.
Interobserver variability in the interpretation of diagnostic radiograph has been reported by a number of investigators. Evaluations of mammograms, ventilation-perfusion scans, and chest radiographs in cases of pneumonia and pneumoconiosis may demonstrate poor agreement between readers. 9 -11 We hypothesized that the AECC radiographic definition was not specific enough to lead readers to a reliable and reproducible interpretation of chest radiographs. Therefore, in applying the definition, we hypothesized that there would be a wide range of individual thresholds for determining that the infiltrates were consistent with pulmonary edema and interobserver variability.
Materials and Methods
The study design was a survey of volunteers recruited from participants at the Toronto Mechanical Ventilation Workshop held November, 1997 and from the National Institutes of Health (NIH) ARDS Network. Chest radiographs were obtained from three sources. Two institutions that prospectively identify hypoxemic critically ill patients for the presence of ALI-ARDS (University of Washington, Harborview Medical Center; Seattle, WA, and University of California MoffittLong Hospital; San Francisco, CA) contributed a random selection of chest radiographs from intubated patients with a Pao 2 /Fio 2 Ͻ 300. In addition, randomly selected chest radiographs, from patients enrolled in a recently completed study of mechanical ventilation in patients at risk for developing ARDS, were also contributed. 12 Radiographs could have come from any time during the patient's course of intubation as long as they met the hypoxemia threshold on the day they underwent the radiograph. In selecting the radiographs, the investigators did not know which patients had received diagnoses of ALI-ARDS, cardiogenic pulmonary edema, pneumonia, or any other condition at the contributing center; therefore, this information could not affect radiograph selection. All were routine, posteroanterior, portable radiographs, taken for clinical use, and no attempt was made to standardize the technique. The radiographs from Seattle and San Francisco were 10 ϫ 14-inch digitized computed radiographs, and the Toronto radiographs were 14 ϫ 17-inch standard analog radiographs. Patient age, institution, and other identifying information was obscured by tape.
Eighteen participants read the radiographs at the Toronto meeting, and 3 others received the series of radiographs by mail. All readers who volunteered to participate in the study were included. Identical instructions, provided to each reader, stated: "All radiographs were taken from intubated patients with Pao 2 /Fio 2 Ͻ 300. Does this chest radiograph fulfill the AECC definition for ALI and ALI-ARDS, 'bilateral infiltrates consistent with pulmonary edema'? Note that the American-European Consensus Conference definition specifically included mild and patchy infiltrates."
No clinical history or additional information was provided. No time constraint was placed on the readers. Responses reported as "positive" indicated that the chest radiographs fulfilled the definition of the AECC. The readers were asked to indicate aspects of the radiographs that made the definition difficult to apply to a specific radiograph.
Data were analyzed to determine the percentage of readers that interpreted each radiograph as positive, the percentage of radiographs read as positive or negative by each reader, and to measure interobserver variability (-statistic). 13 The approximate normal test was used to test for statistical significance between -statistic values. All analyses were performed on a computer (IBM-PC; Danbury, CT) using appropriate software (SAS; SAS Institute; Cary, NC).
Results
The 21 participants had a median length of experience in critical care practice of 12 years (range, 3 to 28 years). Seventeen were from North America, and 4 were from Europe or South America. Twenty participants (95%) have lectured on mechanical ventilation or lung injury, 19 (90%) are currently engaged in clinical research in lung injury, and all have coauthored research papers on mechanical ventilation or lung injury (see "Appendix" section). Seven of the readers are investigators in the NIH ARDS Clinical Trial Network. Twenty-eight chest radiographs (10 from Seattle, 4 from San Francisco, and 14 from Toronto) were evaluated.
The percentages of readers who scored each radiograph as fulfilling the radiographic definition "bilateral infiltrates consistent with pulmonary edema" are listed in Table 1 . The number of readers who agreed on the interpretation of chest radiographs varied. Thirteen interpretations of radiographs (8 read as consistent with ALI-ARDS and 5 as negative for ALI-ARDS) showed nearly complete agreement (0 or 1 dissenting reader). Nine interpretations of radiographs had more than or equal to five dissenting readers. The -statistic for interobserver agreement was 0.55 (95% confidence interval, 0.52 to 0.57). There was no statistically significant difference between the agreement between the 7 NIH ARDS Clinical Trial Network readers and the 14 other readers. To evaluate whether digital imaging had an effect on agreement, we compared the -statistic values for the two radiographic techniques. Agreement on the analog radiographs was superior to that on the digital radiographs (-statistic, 0.72 vs 0.38, respectively; p Ͻ 0.0001).
The readers showed different thresholds for concluding that a chest radiograph was positive. The reader least likely to call a radiograph positive interpreted 36% of the radiographs as positive, while the reader most likely to call a radiograph positive interpreted 71% as positive (Table 2) .
Positive chest radiographs that were interpreted with the greatest agreement had dense alveolar consolidation in all four lung quadrants (Fig 1) . Radiographs that were interpreted with high variability had opacities that some readers interpreted as atelectasis and others interpreted as infiltrates, bilateral lower lobe infiltrates, small lung volumes, or overlying monitoring equipment that obscured the pulmonary parenchyma (Fig 2) . Pleural effusions also accounted for disagreement when some readers identified infiltrates "behind" the effusion and others did not (Fig 3) . Radiographic features that might be consistent with mild pulmonary edema, such as increased interstitial markings, indistinct vessels, and blurring of the hilar structures, were frequently cited by the readers as problematic (Fig 4) .
Discussion
Experts in the field of ALI do not agree when they apply the current consensus radiographic definition for ALI-ARDS. A -statistic value of 0.55 indicates only moderate agreement. 13 -statistic values in this range have raised concerns in the interpretation of mammograms, ventilation-perfusion scans, and chest radiographs in community-acquired pneumonia. 10, 14, 15 There was full agreement on less than half the radiographs. Chest radiographs that were interpreted consistently as positive were obtained from patients with dense alveolar infiltrates in four lung quadrants. Infiltrates limited to lower lung zones, atelectasis, small lung volumes, mild involvement, pleural effusions, and overlying monitoring devices all were identified as contributing factors for high variability of radiograph interpretations. There was a twofold difference in the positive radiograph rate between the reader least likely to call a radiograph positive (36%) and the reader most likely to call a radiograph positive (71%). This wide range in the percentage of radiograph readers termed positive was not due to isolated outliers, but reflected a continuous distribution across all readers (Table 2) . These data provide empiric evidence for the concerns that have been raised regarding the reproducibility of the ALI-ARDS definition for different institutions. 6, 7 If the variability in radiographic interpretation causes variability in the clinical diagnosis of ALI-ARDS, this finding may account for some of the *Positive ϭ percentage of readers interpreting chest radiograph with bilateral infiltrates consistent with pulmonary edema for each of the 28 chest radiographs in the study; Negative ϭ percentage of readers interpreting chest radiographs without bilateral infiltrates consistent with pulmonary edema for each of the 28 chest radiographs in the study. Radiographs above 90% were interpreted with nearly complete agreement (0 or 1 dissenting reader). geographic and institutional variation in the incidence, risk factors, resource use, and outcome of ALI-ARDS. Only one other published study has evaluated interobserver variability in ARDS chest radiographs. 16 These investigators found excellent agreement between two radiologists and poor agreement between four nonradiologist clinicians in calculating a radiographic score in a series of chest radiographs from patients who had ARDS diagnoses. Ours is the first study to explore the reliability of an accepted consensus conference radiographic definition (as opposed to a scoring system) in a set of chest radiographs. In addition, the radiographs in our study were selected only on the basis of intubation and hypoxemia, therefore representing a broad range of radiographs, unlike the earlier study, in which radiographs were selected from patients who had already received diagnoses of ARDS. An additional strength of our study was the group of 21 international experts in ALI-ARDS and mechanical ventilation who were the participating readers. The previous study used readers from a single institution who interpreted the radiographs together. Our study sample may be more representative of interobserver variability. Finally, we report feedback from the readers on specific aspects of the radiographs that led to variability in interpretation; definitions can be modified based on these findings. There was more agreement on the analog radiographs than on those taken with computed radiography. There are several possible explanations for this unexpected observation. All of the analog radiographs were selected from patients who were actually enrolled in a clinical trial, reflecting, therefore, only a subset of patients considered for inclusion. Thus difficult radiographs may be underrepresented. If this is true, then our -statistic estimate of 0.55 overestimates the agreement that would be seen in a sample of radiographs evaluated in ALI-ARDS screening. It is possible that the digital radiographs were of poorer quality than the analog radiographs or that the smaller size of the digital radiographs made them more difficult to interpret. Participants may have lacked experience in evaluating digital radiographs. However, the seven readers from the ARDS Network reviewed digital radiographs from patients with ALI-ARDS at several planning sessions, and their agreement, as a group, on radiograph interpretations was no different from other readers. It is not possible to distinguish among these possibilities without studying the interpretation of digital and analog radiographs on the same patients.
There are several potential limitations to this study. We did not study the readers' accuracy in diagnosing ALI-ARDS using the entire AECC definition. This would have required a presentation of clinical data including onset, history, physical examination, and laboratory tests in the form of a vignette. Had we used vignettes with this information, the resulting agreement on the diagnosis of ALI-ARDS would have reflected our skills, or lack thereof, in abstracting clinical information and writing vignettes. Because we were interested specifically in the readers' agreement with each other in applying the radiographic definition, and because there is no "gold standard" with which to compare the readers' decisions, accuracy was not particularly relevant. The question was not whether the readers were right or wrong in some objective sense, but whether they agreed with each other in applying a standard radiographic definition.
Because any diagnostic test may perform poorly in a specific spectrum of cases, it is possible that the poor agreement in this study reflects the sample of radiographs. 17 We tried to simulate the broad range of chest radiographs that would be encountered in screening patients for ALI-ARDS for enrollment in a clinical trial by using a sample of patients who were critically ill, intubated, and met the oxygenation criterion for ALI-ARDS. It is possible that our sample size of 21 readers and 28 radiographs was too small to estimate the true -statistic value. This uncertainty is reflected in the confidence intervals around the -statistic value, which exclude excellent agreement.
The -statistic is affected by the prevalence of positive readings in the sample. If, for example, the average reader had read the radiograph as 90% positive or 90% negative for ALI-ARDS, the -statistic might have appeared low when, in fact, considerable agreement existed among readers. However, this limitation does not apply to our study, because the wide variability among readers led to a broad range of positive readings, and the average prevalence was nearly optimal 54% (Table 2) .
Some aspects of the chest radiograph presentation process may have contributed to the level of observed agreement. Serial radiographs were not available for review as they might be in clinical practice, and such review could have improved apparent agreement on radiographs of pleural effusions or on those using overlying monitoring devices. In addition, we chose to study the readings of pulmonary and critical care physician experts rather than radiologists. We consider it a unique opportunity to have studied their performance; however, it is possible that a group of radiologists would have interpreted the chest radiographs with less variability. Because the diagnosis of ALI-ARDS and the decision to enroll in clinical trials are evaluations frequently made by a clinician at the bedside, we believe the study participants were a valid choice to address the research question. We did not proctor the readers when they interpreted radiographs. However, any collaborative reading would only have biased the study toward finding a higher level of agreement than actually exists.
To reduce interobserver variability, future panels charged with revising the definition for ALI-ARDS should consider the issues raised by this study. An annotated set of training radiographs clarifying the interpretation of the difficult radiographic patterns identified by our readers might be a useful adjunct to a written definition. The effect of analog vs digital technique on agreement needs to be further evaluated. Modifications to the definition may also improve agreement. For example, a "negative" definition that specifies which radiographic patterns are inconsistent with ALI-ARDS may lead to greater agreement than the current version. Specific instructions to interpret radiographs strictly by the definition, even if it results in positive radiographs that the reader might personally consider negative for ALI-ARDS, may facilitate consistent readings. It is interesting to note that the ARDS Network investigators, who have read chest radiographs together as part of clinical trial planning, interpreted radiographs no more consistently as a group than other participants. Group reading exercises may be insufficient to ensure agreement, and a modified definition or example radiograph may be necessary. Finally, it is important that definitions proposed by consensus panels be empirically evaluated for interobserver agreement by readers who will be using the definition.
This study has important implications for consensus panels charged with defining critical care syndromes in general and for the interpretation of clinical trials. Sepsis syndrome, multiple organ dysfunction syndrome, and ARDS are diagnosed on the basis of operational definitions proposed by experts. 8, 18, 19 These definitions frequently make clinical sense and therefore seem valid. However, they are rarely subjected to empiric testing to evaluate their reliability. As we have shown, interobserver variability may be high, particularly with regard to radiographic or clinical features that are difficult to standardize among clinicians. Because the accuracy of critical care syndrome definitions cannot be verified, as accepted "gold standard" diagnostic tests do not exist, it is particularly important that future critical care syndrome definitions demonstrate their reliability. It is important to appreciate that the absence of effective therapies for ALI-ARDS limits the clinical consequences of its diagnosis. Therefore, the findings of this study are largely a challenge to the research community. However, when effective treatments are found, their applicability at the bedside will depend on clinicians' abilities to identify and treat patients similar to those enrolled in the clinical trials. 12, 20 If the efficacy of an ALI-ARDS therapy depends, in part, on radiographic aspects of the syndrome, and if clinicians cannot identify similar patients because of variability in applying the definition, then the treatment will not be as effective in their patients as in the clinical trial subjects. Before we can expect clinicians to consistently identify those chest radiographs that meet criteria for ALI-ARDS, tools should be developed to help experts apply the definition consistently.
